Abstract-We have fabricated and characterized ultrafast metal-semiconductor-metal (MSM) photodetectors with recessed electrodes, based on low-temperature-grown GaAs. The new recessed-electrode MSM geometry led to an improved electric-field distribution inside the photodetector structure and resulted in a 25% breakdown voltage and sensitivity increase with simultaneous four-fold reduction of capacitance, as compared to the identical MSM devices with planar electrodes. Time-resolved studies performed using 100-fs-duration laser pulses showed that recessed-electrode MSMs exhibited 1.0-ps-wide photoresponse transients with no slow after-pulse tails and their photoresponse time was 0.9 ps. The improved transient photoresponse parameters are the main advantages of the recessed-electrode geometry.
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T HE low-temperature-grown GaAs (LT-GaAs) semiconductor has been well known for more than a decade for its subpicosecond carrier lifetime and acceptable mobility and it has been used very often for the fabrication of ultrafast optoelectronic photodetectors and photomixers [1] , [2] . In the published data discussing metal-semiconductor-metal (MSM) photodetectors, their electrodes are typically fabricated on the surface of the LT-GaAs material [3] , [4] , and improvements to enhance the detector photoresponse efficiency have been mainly focused on increase of the device active area and on the optimization of the MSM interdigitated structure.
The aim of this letter is to present fabrication and properties of modified LT-GaAs MSM photodetectors. We report on the devices with recessed metal electrodes and demonstrate that this new geometry results in significant improvements of the MSM photodetector performance, as compared to conventional structures fabricated with planar electrodes. MSMs with surface electrodes typically suffer from a nonuniform distribution of the electric field in an active layer of the photodetector and a low voltage breakdown over the device surface. The main idea behind our concept is to partially bury the electrodes, so the additional active material is located in the region of the highest electric field. A similar approach has been recently implemented in the form of MSMs with trench electrodes [5] , [12] , [13] .
Our MSM structures consist of Ti-Au electrodes with a thickness of 10 nm of Ti and 160 nm of Au, deposited on a 1.5-m -thick undoped LT-GaAs epitaxial film, grown by molecular beam epitaxy on top of a 300-nm-thick AlAs interlayer on a 2-in semi-insulating GaAs wafer. The growth process was performed at 250 C (thermocouple reading from the substrate side), followed by in situ isothermal annealing at 600 C for 10 min. The devices had the dimensions 20 by 30 m and were patterned using a conventional photolithography and liftoff technique [6] . The MSM finger width of our devices was 1 m and the finger spacing was 1.5 m, as presented in Fig. 1 . The "V" profile groove for metal electrodes was pre-etched using an anisotropic wet etch H PO H O H O (3 : 1 : 50) [7] . The groove depth in our tested photodetectors varied from 60 to 300 nm and the wet-chemical etch did not degrade the LT-GaAs material, although we expect some near-surface damage of the groove sidewalls. After fabricating our MSM structures, their entire active surface areas were coated with 200 nm of SiO and 50-, Ti-Au coplanar strip (CPS) transmission lines with a thickness of 50 nm of Ti and 600 nm of Au were fabricated for electrical measurements (the MSM structure was placed between the strips at one end of the line). For the sake of comparison, MSMs with the identical geometry, but with the planar electrodes, were fabricated on the same LT-GaAs material.
We have performed both static and high-speed characterization of our recessed-electrode devices and compared them directly with the same measurements performed on the reference planar MSMs. The time-resolved photoresponse studies were performed using 100-fs-wide 810-nm-wavelength 82-MHz repetition rate optical pulses from a commercial Ti : sapphire laser. The photoresponse waveforms were recorded with the help of our electrooptic sampling system, featuring 200-fs temporal resolution [8] . Electrical transients were sampled at a spot on the CPS line located approximately 50 m away from our devices, using a movable total-internal-reflection LiTaO probe [8] . Fig. 2 compares the current-voltage ( -) characteristics of the photodetectors with the recessed nm and planar electrodes, both measured in the dark. We note that, in accordance with our previous investigations [9] , our MSM structures with Ti-Au electrodes exhibit an ohmic behavior for up to 40 V and a quadratic -dependence at higher biases. The recessed-electrode structure exhibits a somewhat higher dark current, as compared to the regular structure, because of its extended semiconductor material volume between the electrodes. Apparently, the increased overlapping of the metal electrodes and the LT-GaAs material, together with some trap-assisted carrier generation at the sidewalls of the grooves, leads to an increase of the dark current in our recessed MSM photodetectors. However, as shown in the inset in Fig. 2 , the breakdown voltage of the recessed MSM is more than 20% higher than that measured for the planar MSM. This improvement is expected and is due to the extended length of the surface path between the electrodes. Fig. 3 shows the responsivity dependence as a function of the bias voltage for our MSM structures with varying from 0 to 300 nm. The measurements were performed under continuous-wave (CW) 830-nm wavelength illumination. As typ- ical for MSM photodetectors, the responsivity increases with the bias increase. We note, however, that our recessed-electrode devices for large voltages exhibit an up-to-30% increase in responsivity, as compared to the device with nonrecessed electrodes. The maximal photocurrent that was obtained for the MSM structure with the electrodes recessed nm below the surface (open diamonds and solid line in Fig. 3) , in which the electric field is expected to be approximately symmetric with respect to the plane of metallic electrodes. It is apparent that the recessed electrodes can better collect photogenerated carriers, leading to the substantially increased responsivity. In simple physical terms, in the recessed-electrode devices, the incident photons are absorbed in a larger LT-GaAs volume, where the relatively uniform, high electric field assures the most efficient carrier collection. At the same time, the concentration of carriers in photogenerated regions far below the electrode surface is significantly reduced. We need to stress, however, that when the recessed depth becomes too large ( nm; open triangles and dotted line in Fig. 3 ), the total efficiency of collecting photocarriers is decreased due to the reduced electric field near the semiconductor top surface. In such a case, the electrodes are simply buried too deep.
The time-resolved photoresponse waveforms measured for both the recessed nm and planar MSMs, biased at 9 V, are shown in Fig. 4 . We note that the peak amplitude of the recessed-electrode device is almost 2 V and is 40% larger than the photoresponse amplitude in the case of the nonrecessed device, closely following the results of the CW responsivity measurements, presented in Fig. 3 . Simultaneously, the recessed-electrode MSM exhibits almost a three-times narrower full-width at half-maximum (FWHM) and a significantly shorter fall time without a slow post-pulse tail. The latter is the most important practical advantage of the recessed geometry as the transient fall time is a figure-of-merit-type parameter, commonly called the photodetector response time . The values for the transients presented in Fig. 4 fitted using an exponential decay of their falling edges are equal to 3.2 and 0.9 ps for the planar and 180-nm-deep electrode structures, respectively. Both the FWHM and were independent of the bias voltage and the factor-of-three decrease between the planar and recessed MSMs was observed in the whole range of biases. The excellent time-domain performance of our recessed-electrode detectors, both in terms of the increased photoresponse transient amplitude (efficiency) and speed (decreased response time), as well as the lack of a "slow tail" is, again, the result of the presence of an extended semiconductor volume between the electrodes, combined with the fast and efficient collection of photocarriers in the recessed-electrode MSM geometry.
Since the carrier lifetime in LT-GaAs is 150 fs [8] , much shorter than the response times observed in our experiments (Fig. 4) and the latter values were not voltage-bias dependent, we can conclude that at least for the planar MSM, the photoresponse should be limited by the structure's capacitance. The capacitance of planar-electrode MSM structures has been studied before [10] , [11] and in our particular case, using the method presented in [10] , we calculated it to be approximately 52 fF. The capacitance of the recessed-electrode MSM structure is difficult to properly assess because of its complicated surface topology. One could predict that it should be higher than that for the planar case, since the semiconductor volume between the electrodes is larger; however, the electric field distributions are very different in both cases and the simple parallel-plate capacitor analogy is likely not to be correct. Thus, we measured capacitances of both the recessed and planar MSM structures, using a network analyzer. The results were obtained for a 20-GHz test frequency (the highest available to us) and we established that for the planar MSM fF, while the 180-nm-recessed electrode MSM exhibited fF. Thus, the recessed-electrode structure exhibits the capacitance almost four times lower than its planar counterpart, and, for LT-GaAs, we do not expect any significant changes (increase) of at the subterahertz frequencies.
The obtained values of are in very good agreement not only with the numerical value for the planar MSM obtained earlier, but, more importantly, with the experimental data shown in Fig. 4 . The latter confirms that the photoresponse speed of our devices is, indeed, limited by the time constant, where is the characteristic impedance of the CPS line. For , we took the nominal, 50-value, as the measurements using network analyzer returned . Thus, the resulting value for the planar structure is in the 3.1-3.8-ps range and for the recessed-electrode device the varies between 0.75 and 1.2 ps. In both cases, the above time constants coincide with the 3.2 and 0.9 ps values extracted from the transients presented in Fig. 4 .
In conclusion, we have fabricated LT-GaAs photodetectors with recessed MSM electrodes. In such a design, the semiconducting material is both above and below the plane of electrodes, leading to high and uniform electric field distribution and efficient and fast collection of optically generated carriers. The above geometry resulted in a more efficient (higher responsivity) and lower capacitance (faster) MSM photodetector. We observed the significant performance improvement of our recessed-electrode MSMs in their time-resolved photoresponse, as compared to standard planar-electrode MSM structures, tested under exactly the same conditions. Our recessed-electrode devices exhibited 1-ps-wide photoresponse transients (the decrease by almost the factor of three) with 40% higher amplitudes. The falling edge of the signal was approximately four times shorter and without the slow post-pulse tail or shoulder always observed in planar MSM diodes. The decrease of the photoresponse time of our devices we associate with their significantly reduced capacitance, while the increase in the photoresponse amplitude and the lack of the slow tail are due to more-efficient/faster collection of carriers because of the extended high electric field region. The presented recessed-electrode structures represent a step forward in the MSM-type photodetector design, as they are very suitable for ultrafast and high-sensitivity applications.
